due to clogging of pores with secondary carbonates after gypsum application in moderately drained non-sodic soils. Other management practices have also been employed for the remediation of sodic soils. In hydrological regimes characterized by upward movements of water, crops with deep roots and high transpiration rates decrease the upward movement of salts (Sansom et al., 1998) . The use of crop residue or mulch in semi-arid areas maintains soil moisture that facilitates the dissolution of gypsum (Tejedor et al., 2003) . CaCO3, in the form of ground limestone or by-product lime from processing sugarbeets (spent lime), has been found to be a suitable amendment for sodic soil with low pH (Abro et al., 1988) .
Evaluation of the effects of surface amendments and management practices on soil trafficability can be realized through analysis of changes in the soil's mechanical properties. Earl (1997) listed a range of properties (e.g., shear stress, bulk density, and plastic limit) that predict the mechanical state of the soil. Other properties, such as moisture content and unsaturated hydraulic conductivity, could be used as input data for models that estimate soil trafficability and workability. A number of models to simulate optimal conditions for trafficability based on moisture content have been suggested (Earl, 1997; Wösten and Bouma, 1985) ; however, the resolution of these models has been on the scale of months and seasons rather than days. Moreover, these moisture-based models require a comprehensive knowledge of the soil water characteristic curve and consistency limits (Aksakal et al., 2013; Kandel et al., 2013; Mueller et al., 2003) .
Mechanical soil properties pertaining to soil trafficability can be reliably estimated by cone penetrometers, which measure penetration resistance (ASABE, 2009) . Penetration resistance (PR) is a representative quantity of the forces encountered by a metal object as it is driven through the soil. The forces include metal to soil friction, internal cohesion of the soil, and shear stress (Hillel, 1998) . Penetrometers are simple, cost effective, and user friendly and can be used to rapidly take field measurements (Weaich et al., 1992) . Bachmann et al. (2006) found penetrometer results comparable to vane shear data while studying stress that represents soil strength in pastures in Chile. Motavalli et al. (2003) used cone penetrometers to detect the presence of clay pans and evaluate the effects of surface-applied poultry litter on PR in clay pans.
The objective of this study was to determine the impact of calcium-based surface amendments on a sodic soil's mechanical properties for plots with and without subsurface drainage.
MATERIALS AND METHODS

SITE SELECTION AND CHARACTERIZATION
The experimental site (97.25° W, 46.2° N, elevation ~326 m) was located near Wyndmere in Richland County, North Dakota, on a predominantly Exline soil (fine, smectitic, frigid Leptic Natrudolls) with some Stirum-Arveson complex (Stirum: coarse-loamy, mixed, superactive, frigid Typic Natraquolls; Arveson: coarse-loamy mixed, superactive, frigid Typic Calciaquolls) on the easternmost edge of the plots. This site has natric characteristics and had been under pasture/hay production for more than 30 years prior to initiation of this study's field research in 2013. Corn (Zea mays) was grown on the field in 2013, 2014, and 2015. The site has a drainage class of somewhat poorly drained with depth of the restrictive feature [saturated hydraulic conductivity (Ksat) less than 0.025 cm h -1 ] between 12.5 to 30 cm (NRCS, 2014) . While flooding is uncommon, surface ponding and a high water table in the spring are common. Subsurface drainage was installed in December 2012 at a depth of approximately 1.2 m (4 ft), a spacing of 24.4 m (80 ft), and a drainage coefficient of 9.5 mm d -1 (3/8 in. d -1 ). The 2015 rainfall totals, averaged from onsite duplicate manual rain gauges, were 196 mm in May and 77 mm in June. Penetration resistance measurements were sampled on 11, 23, and 24 June 2015, which was 25 months after the surface amendments (discussed below) were applied.
EXPERIMENTAL DESIGN
A completely randomized design using a split plot arrangement was employed, with three replicates in the whole plots (drainage treatments) and surface amendments serving as the split plots ( fig. 1 ). The whole plots were 24.4 m × 107 m (80 ft × 350 ft), and the split plots were 24.4 m × 21.3 m (80 ft × 70 ft). The drainage treatments consisting of no subsurface drainage (ND), free drainage (FD), and controlled drainage (CD) were tested with overlying surface amendments of 22.4 Mg ha -1 (10 t ac -1 ) of gypsum (GH, defined as the high gypsum rate), 11.2 Mg ha -1 (5 t ac -1 ) of gypsum (GL, defined as the low gypsum rate), 22.4 Mg ha -1 (10 t ac -1 ) of sugarbeet spent lime (SL), cover crops (CC), and check (CK) plots receiving no surface amendment. Corn was planted at the site, which left no time after harvest for growing cover crops; therefore, CC was treated as CK plots.
In the CD plots, manual flow control structures (Inline Water Level Control Structures, Agri Drain Corp., Adair, Iowa) were installed to manage the depth of the water table. In the FD plots, water flowed out of the plots with no restriction. No flow management was done in the CD plots during 2015 due to low flow volumes, and the CD treatment was essentially operated as FD; therefore, the CD and FD treatments were combined and labeled FD.
The three calcium surface amendments (i.e., GH, GL, and SL) were applied on 14 and 15 May 2013. Pellets of gypsum (Calcium Products, Inc., Ames, Iowa) were applied using a machine spreader wagon pulled by a tractor and by hand using shovels to deliver gypsum at desired rates for the GH plots. Known quantities of spent lime powder and gypsum were spread manually using shovels to deliver the desired application rate for the SL and GL plots, respectively. A field cultivator was used in May 2013 on all plots to incorporate the surface amendments to a depth of 10 cm immediately after application and prior to planting. The post-spreading tillage, the farmer's annual tillage each fall, and freeze-thaw cycles over the two years after application were expected to have alleviated the compaction from wheel traffic and helped to spread the hand-applied spent lime and gypsum for GL. We avoided penetrometer sampling at all locations where wheel traffic was evident. 
PENETROMETER
The cone index, which is a pressure measurement, was taken against depth in all plots using a hand-driven cone penetrometer (Field Scout SC 900, Spectrum Technologies, Inc., Plainfield, Ill.) with data logging capabilities synchronized with a GPS unit for spatial coordinates. The penetrometer has an inbuilt ultrasonic sensor at its base that measures the depth of penetration. The penetrometer was pushed into ground at a uniform rate of approximately 30 mm s -1 (ASABE, 2009). A cone diameter of 12.7 mm was used to take readings at 2.5 cm depth intervals from 0 to 45 cm. The penetrometer had depth and pressure resolutions of 2.5 cm and 35 kPa, respectively, accuracies of 1.25 cm and 103 kPa, and ranges of 0 to 45 cm and 0 to 7000 kPa, with a maximum speed 182 cm min -1 . To ensure that PR measurements were not influenced by neighboring drainage treatments or surface amendments, only an inner 1.2 m × 9.1 m (4 ft × 30 ft) sampling area was monitored (shaded area in fig. 2 ).
Pre-sampling surveys of the plots were done on a smaller area equivalent to the experimental split plot where 30 PR measurements were taken ( fig. 2 ). From the pre-sampling survey, the minimum number of PR measurements (n) was determined as 10 using an accuracy of 10% and with a confidence interval of 90% (Student's t-test) (Hillel, 1980; ASABE, 2009) . That is, n = 10 penetration profiles were taken per split plot in subsequent measurements. 
SOIL SAMPLING AND MOISTURE CONTENT
Gravimetric moisture contents were determined on soil samples collected from 0 to 15 cm, 15 to 30 cm, and 30 to 45 cm (0 to 6 in., 6 to 12 in., and 12 to 18 in.) depths in each experimental plot where PR profiles were measured. A soil probe (Brown Moisture Probe, AMS, Inc., American Falls, Ida.), which had a modified auger tip to trap soil at the depth increments noted above, was used to retrieve soil samples for moisture determination. The probe was pushed into the soil vertically by hand to the desired depth and augured. Soil samples trapped in the auger at each depth were placed in sealed containers to prevent moisture loss. Samples were returned to the laboratory for determination of gravimetric moisture content by oven drying at 106°C for a minimum of 24 h (Dane and Topp, 2002) . Soil samples for chemical analysis were collected in 15 cm increments using a Giddings soil probe of 6 cm diameter (Blake and Hartge, 1986 ) and analyzed in the laboratory for K, Na, Ca, and Mg for calculation of the sodium absorption ratio (SAR) using saturated paste extracts for the 2012 samples (Bower et al., 1952) and percent sodium (%Na) for the 2015 samples and converted to SAR using SAR = 1.04 × (%Na) − 0.35 .
STATISTICAL ANALYSIS
A general analysis of the penetration resistance profiles is presented in qualitative terms and then followed by a detailed statistical analysis. The results are presented in three major categories (i.e., drainage treatments, surface amendments, and the combined effects of drainage and surface amendments). In each category, analysis of results was done separately for the 0 to 15 cm layer and the 15 to 30 cm layer, while the 30 to 45 cm layer was not considered because changes in the mechanical properties in lower layers are considered a result of annually cumulative compaction and might be ameliorated immediately by special tillage treatments such as subsoiling (Jorajuria and Draghi, 1997) . The effects of drainage type and surface amendment on PR were analyzed using a two-way factorial in a split plot design where the whole plot factor was the drainage type and the split plot (or subplot) factor was the surface amendment in a completely randomized design ( fig. 1 ). The mean PR values for the CK treatment were obtained from 18 split plots (nine CK and nine CC plots). Since soil moisture content has been reported to be inversely correlated with PR (Müller et al., 1990; Vaz et al., 2011) , the gravimetric moisture content was included in a generalized linear model as a covariate. The PR means presented in the results sections were adjusted for the effects of soil water content. The statistical model for the analysis of variance of PR and Tukey tests for means comparisons were implemented using PROC MIXED in SAS for Windows (ver. 9.4, SAS Institute, Inc., Cary, N.C.) and considered significant at p < 0.05.
RESULTS AND DISCUSSION
The SAR values estimated from soil samples from 18 plots with surface treatments (nine GH plots and nine CK plots) taken before and after application of the surface amendments are summarized in table 1. There was a general reduction in the SAR of the plots in 2015 compared to 2012.
Changes in the soil's chemical composition are expected to occur as salts move with leaching, capillary rise, and with the upward or downward movement of the water table. This may explain the differences in the SAR between the two years. However, only in the 0 to 15 cm layer of the GH plots was the reduction significant. This decrease in SAR in the gypsum plots is attributed to Ca added through gypsum and to a decrease in Na, which was substituted with Ca and leached to the lower parts of the soil profile. Changes in soil chemical properties can reduce or promote dispersion and swelling, which can then influence field capacity moisture content and thus penetration resistance and trafficability . 
DRAINAGE TREATMENTS
The effect of moisture content on the PR values was significant in the 0 to 15 cm layer (p = 0.0001) and not significant in the 15 to 30 cm layer (p = 0.367). For means that were adjusted for the effects of soil water content, the mean PR for the ND plots (450 kPa) was not significantly different from the mean PR for the FD plots (428 kPa) in the 0 to 15 cm layer. Similarly, there were no significant differences in the adjusted mean PR values for the ND plots (936 kPa) and the FD plots (917 kPa) for the 15 to 30 cm layer. The effects of subsurface drainage on increasing the PR values of soil has been reported to increase with time (Müller et al., 1990) as lower water tables produce improvement in soil structure and development of macropores. However, even with good soil structure, the trafficability of a soil is greatly reduced when its moisture state is close to the point of saturation.
SURFACE TREATMENTS
The mean PR values without adjustment for soil water content for each 2.5 cm depth interval for the surface amendments are shown in figure 3. The GH plots had mean PR values that were generally higher than other treatments. Overall, the PR profiles had lower values in the top layers and higher values in the deeper parts of the soil profile. The increase in PR values with depth is a result of the increasing weight on the soil with depth that leads to increased bulk density (Jonard et al., 2013) . This increase in bulk density may also be attributed to clay accumulation, which is characteristic of soil genesis in areas with natric conditions. The lower PR means in the 0 to 15 cm layer are also reflective of the effects of tillage. The loosening of soil layers due to tillage reduces the soil's bulk density and temporarily lowers the penetration resistance. However, traffic from heavy equipment can lead to higher PR values for soils under tillage. The mean PR values for each split plot are shown in figure 4 for the 0 to 15 cm layer and in figure 5 for the 15 to 30 cm layer; the mean PR values were not adjusted for the effects of moisture in these figures. The adjusted means for the surface amendments are summarized in table 2 for the 0 to 15 cm and 15 to 30 cm layers. In the 0 to 15 cm layer, the PR values were significantly higher for the GH plots than for other surface treatments. In the 15 to 30 cm layer, the PR values were higher for the gypsum amendments than for the CK plots. The use of spent lime resulted in PR values that were similar to those of the CK plots.
Gypsum application in sodic soils has been shown to result in lower PR values when the soil is dry, e.g., a reduction in surface crusts was noted by Mitchell et al. (2000) . Hardsetting, often associated with problems of root elongation and hard plow layer, has been managed in Na-smectictic clays soils by Ca treatment (Greene et al., 2002) . Buckley and Wolkowski (2014) observed reductions in bulk density in deeper parts of the soil profile (30 to 60 cm) after application of gypsum; however, only minimal effects were observed in the PR of the same soil. Ellington (1986) saw significant reductions in penetration resistances of acidic soils treated with gypsum in the lower layers of a soil profile containing a hard pan. Ellington (1986) observed that gypsum application helped lower the PR values of a soil after it was cultivated, unlike a soil with no gypsum where the PR values returned to pre-cultivation levels.
Because of the weak structure as result of the dispersion of clay particles, sodic soils are soft and unable to support traffic without deformation when wet. In these conditions, gypsum application may result in higher PR values, as our results show, which improves trafficability. In addition to improvement in soil structure, for sodic soils with shrink-swell characteristics, the reduction of Na by substitution with Ca also reduces the water holding capacity, leading to lower moisture contents. He et al. (2015) observed increased field capacity moisture contents in high Na soil samples compared to low Na soil samples. By reducing the Na in soil with Ca substitution, a reduction in the soil's affinity for moisture is expected. Given that lower moisture content corresponds to higher soil strength (Vaz et al., 2011) , this also explains why the GH plots had higher PR values. The limited solubility of the spent lime explains why the Ca in the SL plots did not produce similar results. , spent lime = 22.4 Mg ha -1 , and check = plots receiving no surface amendment. [b] Penetration resistance values were adjusted for soil water content.
Means followed by the same letter are not statistically different at p = 0.05 using the Tukey test for comparison of means for each depth.
COMBINED EFFECTS OF DRAINAGE AND SURFACE AMENDMENTS
Statistical analysis of the combined effects of drainage and surface amendments for the top two layers (0 to 15 cm and 15 to 30 cm) is presented in this section. The combined effects of drainage treatments and surface amendments are denoted with combined abbreviations, e.g., FDGH represents the combined effect of free drainage (FD) and high rate of gypsum application (GH) at 22.42 Mg ha -1 (10 t ac -1 ). The adjusted PR means for the combined effects of drainage and surface amendments in the 0 to 15 cm and 15 to 30 cm layers are shown table 3.
The PR means of the 0 to 15 cm layer are important for analysis of the effects of surface amendments and drainage treatments on trafficability and workability of agricultural soils, especially those with compositions of high silt and clay separates. The mean PR values of the NDGH and FDGH plots were significantly higher than that of the FDSL plots. The remaining treatments were not significantly different from each other. The 15 to 30 cm layer is important for trafficability when the predominant soil texture is clay or loam (Rab et al., 2005) and for analyzing the impact of soil mechanical properties on root growth, as PR values higher than 2500 kPa impede root growth (Gao et al., 2012; Whalley et al., 2007) . In the 15 to 30 cm layer, the PR means of the FDGH, NDGH, and FDGL plots were significantly higher than all other treatments but were not different from each other. The availability of leached Ca from the top layer in addition to that in the applied gypsum may be responsible for the higher PR means in FDGH. The higher concentration of Ca in GH leads to more flocculation of dispersed soil aggregates. Aggregation of dispersed soil particles improves the soil structure; soils with better structure have a higher soil strength and hence higher load bearing capacity compared to those with weak soil structure, especially when wet (Carter, 1990) . Lebert and Horn (1991) explained that an increase in bulk density corresponds to an increase in strength when the influence of soil structure is ignored (e.g., in non-structured or weakly aggregated soils). However, soil strength becomes more dependent on shear parameters (e.g., internal angle of friction and cohesion) when the soil is better structured. Therefore, improvement in structure will increase the PR even when there is a reduction in bulk density in wet sodic soils. Where less Ca was applied, as was the case for FDGL, drainage appears to have complemented the Ca application and resulted in PR means that were similar to plots with high rates of Ca application. , spent lime = 22.4 Mg ha -1 , and check = plots receiving no surface amendment. [b] Penetration resistance values were adjusted for soil water content.
Drainage facilitates the leaching of Na from the exchange sites on soil particles and provides Ca from the upper layers of the soil profile. The results of our study agree with Cochrane and Aylmore (1991) , who noted an improvement in aggregate stability using the modulus of rupture for soils treated with gypsum as a surface amendment. We attribute this improvement in strength to an improvement in soil structure. Soils that are better structured because of aggregation have higher porosity and more micro-and macropores compared to dispersed soils with poor structure. This improvement in aggregation and structure also aids drainage. In the 15 to 30 cm layer, the NDSL, NDGL, and NDCK plots had PR means that were significantly lower than those of the FDGH, NDGH, and FDGL plots but significantly higher than those of the FDSL and FDCK plots. Because the PR values for the NDSL, NDGL, and NDCK plots were not statistically different from one another, we infer that, for conditions of no drainage, the application of spent lime or gypsum at the low rate provided no benefit in increasing the PR for the 15 to 30 cm layer. However, when the sodic soil at this site is drained, no amendment (FDCK) or spent lime (FDSL) resulted in the lowest PR values.
Challenges in trafficability have been reported by Müller et al. (1990) in soils where the topsoil was dry and firm but the lower layers were below the critical PR of 300 kPa. For this study, a threshold PR value of 300 kPa was assumed to represent the value above which trafficability on agricultural soil is possible (Müller et al., 1990) . In contrast, Bueno et al. (2006) observed an estimate of 1000 kPa for PR as the threshold value for workability of the soil. The lower layer plays an equally important role in assessing the trafficability of agricultural soils. Furthermore, the impacts of subsoil compaction because of heavy machinery are likely to show in the 15 to 30 cm layer. Compaction of subsoil drives up the cost of tillage operations in both time and energy and may lower crop yields. However, it is important to note that PR values from penetrometers often overestimate the force encountered by the roots by up to a factor of three due to the higher friction encountered by the metal compared to the roots (Whalley et al., 2007) .
CONCLUSIONS
At 25 months after surface amendment application and 30 months after drainage installation, the drainage treatments were not significantly different from each other in either layer. Across both drainage treatments, the PR means were significantly higher for GH plots than for all other surface amendments in the 0 to 15 cm layer. In the 15 to 30 cm layer, the PR values were significantly higher for GH plots than for all other surface amendments, and the PR means of gypsum amendments (GH and GL) were both significantly higher than SL and CK. For the combined effects of drainage and surface amendments in the 15 to 30 cm layer, FDGH, NDGH, and FDGL had PR means that were significantly higher than those of NDSL, NDGL, and NDCK. Drainage complemented the lower rate of gypsum in the FDGL plots to produce results similar to the higher gypsum rate in the FDGH plots. For undrained plots in the 15 to 30 cm layer, the low rates of gypsum or spent lime (NDGL and NDSL, respectively) do not appear beneficial because their PR means were statistically similar to those for NDCK. The PR means for the FDSL and FDCK plots were significantly lower than those of the NDSL, NDGL, and NDCK plots in the 15 to 30 cm layer, which showed that draining the plots without amendments (FDCK) or with spent lime (FDSL) yielded PR means that were smaller than with no land modification (NDCK).
